Growing demand for high-performance materials is driving the development of composites with nano material reinforcement. The use of nano reinforcement can provide a distinct advantage due to high surface area of the material. There are still many challenges in achieving the full potential of nanocomposites. In this paper, we investigate the performance of epoxy nanocomposites reinforced with short polymethyl methacrylate (PMMA) nanofibers. PMMA nanofibers were chopped and mixed with the epoxy resin and then the mixture was poured into a mould. Samples were cut to an appropriate size after cure and mechanical testing was carried out. Tensile and flexural strength and modulus were evaluated for samples with various fiber volume fractions to determine changes in mechanical performance. Also Scanning Electron Microscopy was utilized to investigate fracture surface and fiber-matrix interface. Results indicated that mechanical performance dropped as volume fraction of fibers increased, namely poor fiber-matrix adhesion and presence of porosity resulted in deterioration in strength and modulus. Further research is required to develop fiber coating system to enhance performance of the nanocomposite by improving fiber-matrix adhesion and fiber wet-out.
Introduction
There is a growing interest in using nanofibers as reinforcement for composites. The high surface area of nano-* Corresponding author.
fibers coupled with good fiber-matrix bonding offers exceptional properties due to the high fiber-matrix interface area [1] . One of the common techniques to produce nanofibers is electrospinning [2] - [6] . This process is recognised as an efficient technique to produce nanofibers from polymer solutions or melts and it dates back to the early 1930s [2] [3] . In this technique, an electric field is used to produce an electrically charged jet of polymer solution or polymer melt flowing out of pendant or sessile droplet [4] . Electrical forces stretch and thin the jet as it flows away from the droplet producing nanofibers in the range of 100 nm or less. Many applications have been reported for electrospun fibers, such as drug delivery, filtration, energy generation, and other applications [5] . The focus of this study is on the use of nanofibers in the reinforcement of composites.
Several studies have been conducted on utilizing nanofibers in the reinforcement of composites [7] - [15] . Song Lin et al. investigated reinforcement of 2,2-bis-[4-(methacryloxypropoxy)-phenyl]-propane (Bis-GMA) dental resin system with PAN core-PMMA shell nanofiber fabric prepared by electrospinning method [12] . Strong adhesion was reported between the nanofibers and the matrix, and consequently the mechanical performance was significantly improved. Compared to neat resin, flexural strength, flexural modulus and work of fracture improved by 18.7%, 14.1% and 64.8% respectively, after adding 7.5 wt% PAN-PMMA nanofibers.
Alejandro J. Rodriguez et al. studied reinforcement of polymer composites using multiscale-reinforcement fabrics (MRFs) [8] . The MRFs were fabricated by electrophoretic deposition of carbon fibers on the surface of carbon fiber layers. Improvements of 12% in interlaminar shear strength and 13% in compressive strength were reported. It was observed that failure mechanism was a combination of matrix detachment from the surface of the fiber and matrix failure.
The use of short electrospun polymeric nanofibers as reinforcement for nanocomposites has also been investigated [10] [11] . Nylon-6 and polyimide electrospun nanofiber mats were cut and dispersed for nanocomposite films at various nanofiber weight fractions. Results showed an improvement of 185% in the elastic modulus after adding 3.5 wt% short nylon-6 nanofibers to a matrix of thermoplastic urethane. This significant increase was attributed to strong nanofiber-matrix adhesion due to hydrogen bonding, however, lower improvement was reported when the nylon-6 nanofibers were used to reinforce PMMA matrix due to poor nanofiber-matrix adhesion caused by absence of hydrogen bonding. Shaohua Jiang et al. showed that the use of short nanofibers could be more efficient than long nanofibers [11] . The addition of 2 wt% polyimide nanofibers to polyimide matrix helped in improving tensile strength and modulus by 53% and 87% respectively. However, to achieve performance similar to that for the 2 wt% nanofiber composites, 38 wt% of continuously long fibers were required. The superior performance of the short nanofiber was attributed to the improved dispersability of the short nanofibers in the matrix polymer.
In this study, the use of short electrospun PMMA nanofibers in reinforcing epoxy resin has been assessed. Flexural and tensile properties were determined for epoxy samples with various nanofiber weight fractions. Furthermore, scanning electron microscopy (SEM) was utilized to examine fracture surface of the nanocomposite samples.
Experimental Protocol

Materials
Electrospun PMMA nanofibers in mat form were supplied by Revolution Fibres Ltd, Auckland, New Zealand. Average diameter range for the nanofibers was 150 nm -200 nm, and nanofiber deposition weight was 0.5 -15 g/m 2 . The matrix system used for this study was R180 Bisphenol A epoxy resin and H180 amine hardener supplied by Nuplex Industries Ltd, Auckland, New Zealand.
Sample Preparation
The PMMA nanofiber mat was cut into 10 mm × 10 mm squares and fibres were mixed manually with epoxy resin at fibre weight fractions of 0 wt%, 0.5 wt%, 2 wt% and 5. The fibre-epoxy mix was then placed under vacuum for 24 hours to remove air bubbles. The hardener was added at 1:5 hardener to epoxy weight ratio and was mixed thoroughly. Following this, the mixture was poured into silicone moulds and was allowed to cure under vacuum at room temperature for 24 hours.
Cured samples were removed from moulds and cut using a rotating blade saw to sample size of 40 mm × 4.5 mm × 4.5 mm for the 3-point bend test measurement. A rotating blade saw and a CNC machine were used to prepare samples for tensile strength test. Dimensions of the samples were 40 mm in length, 10 mm gage length, 2.5 mm width, and thickness of 4 mm.
Mechanical Testing
Tensile and 3-point bend tests were carried out on a universal testing machine to evaluate performance of nanocomposites with various fibre weight fractions. Cross-head speed of 2.5 mm/min was used for the tensile test and 0.5 mm/min for the 3-point bend test. A span of 30 mm was used for the 3-point bend test.
Data Analysis
Data collected from the tensile and 3-point bend tests were analyzed using IBM SPSS Statistics 22. A One-way ANOVA with an alpha of 0.05 was used to compare data for Young's modulus, tensile strength and work of fracture (WOF) for samples with fiber content of 0 wt%, 0.5 wt%, 2 wt% and 5 wt%. WOF values were calculated by measuring area under stress-strain curve for tensile tests.
Results and Discussion
Scanning electron microscope (SEM) Hitachi SU-70 FEG-SEM was utilized to evaluate nanofibers and nanocomposite fracture surfaces. Figure 1 shows an SEM micrograph of PMMA nanofibers used in this study prior to mixing with epoxy resin.
Young's modulus of elasticity and flexural modulus of all samples were determined from tensile and 3-point bend test results respectively. Young's modulus results showed no noticeable change in modulus after adding PMMA nanofibers. Flexural modulus results, on the other hand, showed an initial drop in modulus for the 0.5 wt% nanofiber samples, followed by an increase in modulus for the 2 wt% and 5 wt% nanofiber samples.
Tensile and flexural strength results are illustrated in Figure 3 . While there was no statistically significant difference between the samples with various nanofiber content in the case of flexural strength test, tensile strength results indicate a drop in tensile strength with increasing nanofiber content. Drops of 35% and 33% in tensile strength average values were recorded for 2 wt% and 5 wt% nanofiber content respectively. Similar results were achieved when measuring WOF for the various samples, as shown in Figure 4 . Drops of 41% and 48% in average values for WOF were recorded for 2 wt% and 5 wt% nanofiber content respectively. Results achieved in this study were not in agreement with results reported in other studies that showed significant improvement in mechanical performance with the addition of nanofibers [10] - [12] . These studies attributed the improvement in mechanical performance to strong fiber/matrix adhesion. In order to assess fiber/matrix adhesion in our study, SEM was utilized to examine fracture surfaces to help determine cause in drop of tensile strength and WOF with increasing nanofiber content. Figure 5 and Figure 6 show SEM micrographs of 3-point bend test fracture surfaces for nanocomposite samples with 5 wt% PMMA at magnification of 2 k and 20 k respectively. Figure 5 shows presence of porosity throughout the fracture surface. It appears that there was air entrapment during mixing of the fibers with the resin, and the use of vacuum during curing was not sufficient to release the air. Furthermore, Figure 6 shows clean fiber-matrix interface in locations where fibers were pulled out during the test. This clean interface indicates poor fiber/matrix bonding. Also, an examination of the fracture surface indicates absence of fiber toughening behavior due to lack of long lengths of fiber pullout [16] . The results of this study are limited to the type of resin and nanofiber used, as fiber/matrix adhesion can be improved by using more compatible materials [10] [11] . Also, the use of functional coatings to enhance adhesion can enhance fiber/matrix adhesion and result in improved mechanical performance. For future work, we will study various types of coatings to improve fiber/matrix interface. We will also modify resin mix and processing method to eliminate air entrapment in the cured nanocomposites. This could be achieved by the addition of air release and wetting agents, in addition to applying vacuum for a longer period of time after every mixing step.
Conclusion
Effect of uncoated PMMA nanofiber content in epoxy nanocomposites was determined in this study. Results showed drop in tensile strength and WOF with the increase in PMMA nanofiber content. Young's modulus results showed no noticeable change in modulus after adding PMMA nanofibers. SEM micrographs of fracture surfaces showed presence of porosity and poor fiber/matrix bonding. In addition, SEM micrographs showed poor fiber toughening behaviour due to lack of long lengths of fiber pullout. This work shows the need to develop functional coatings for PMMA nanofibers for various matrices to improve mechanical behaviour of the nanocomposite.
